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Experimental and numerical validation of active flaps for wind turbine blades 
Introduction
An active flap system (AFS) is designed with the goal of industrial application on large (multi-megawatt) wind turbine blades. For this purpose, the AFS is designed for external mounting (add-on concept) on an existing blade, and the activation is performed via a pneumatic system. For testing purposes, two prototypes are manufactured with different materials: TPU (Thermoplastic Polyurethane) and silicone. The main difference between the two prototypes is the stiffness response of the full system, and thus the aerodynamic sensitivity measured in terms of lift variation as a function of pneumatic pressure. Prior to the simulation and testing of the active flap prototypes, a series of static flap variations are tested in order to validate the design methods. Finally, the load alleviation potential for such an active flap system is discussed. The work presented in this paper is part of the Induflap2 project [1] , funded partially by EUDP [5] , with the goal of demonstrating the potential of an active flap system via full-scale implementation. Within the project, a full palette of analysis and testing methods is used, including CFD, FEM, FSI, and aeroelastic simulations, together with testing at wind tunnel, rotating rig, and full-scale turbine level.
Validation of static flap configuration
Before testing the AFS, three different static flap configurations (see figure 1) are tested numerically and experimentally in order to assess the levels of variation of the aerodynamic characteristics (lift, drag, and moment coefficients) and to validate the numerical simulations. The static flap configurations consisted of three different deflection states of a slender flap (neutral, positive, and negative deflection). The purpose of testing and simulating these flaps is The CFD simulations are performed with two different codes, EllipSys [7, 8, 9] and Ansys CFX v15 [6] for a Reynolds number of 4 million. The simulations performed with EllipSys are based on a SST k-ω turbulence model [16] coupled with a e N transition model with N = 9. These are performed on an O-mesh grid (see figure 2) . The grid consists of 512 cells along the aerofoil surface and 192 in normal direction. The domain size in the direction normal to the surface is 40 chord lengths and the height of the cell on the aerofoil surface is 10 −7 chord lengths. The stretching of the cells in normal direction is steered by an hyperbolic tangent function. The simulations performed with Ansys CFX r15 are based on a SST k-ω turbulence model coupled with a Re θ − γ transition model, with a computational domain of approx. 235,000 elements. An example of the mesh resolution around the trailing edge of the airfoil-flap arrangement for both Ansys CFX and EllipSys is shown in figure 2 .
Good agreement between both codes (and experiments as will be discussed further below) is found for the linear range of the lift curve for the cases of neutral flap deflection, i.e. without a flap deflection angle. On the contrary, it is shown that for the cases of positive and negative flap deflections, CFD results slightly overestimate the range of lift variation when compared to wind tunnel measurements based on pressure taps as shown in the two upper plots of figure 3 . A difference between both codes is seen in the prediction of the stall AoA, where EllipSys has a tendency to overpredict the stall level.
The experimental wind tunnel validation of both the static flap configurations as well as of the AFS is performed at the Low Speed Low Turbulence wind tunnel facilities of the faculty of aerospace of TU Delft. For all flap configurations (both static and active), the lift coefficient is estimated simultaneously via pressure taps measurements directly on the airfoil surface, as well as via pressure measurements on the walls of the wind tunnel. The flaps themselves are not instrumented with pressure taps due to the technical complexity related to this. As mentioned, (see upper plots of figure 3), the estimation of aerodynamic coefficients via pressure taps on the airfoil model underestimates the lift variation levels as predicted by CFD. The reason for this is shown to be the strong local pressure gradients on the flap itself. Due to the nature of the flap (being an add-on, and not a morphing trailing edge), the local curvature is high in comparison with the curvature of the original airfoil.
Contrary to a morphing trailing edge, where the pressure distribution on the aft portion of the airfoil is small, an add-on AFS of this type causes strong localized pressure gradients in the Figure 4 depicts the non-dimensional pressure distribution of the different flap configurations for two particular angles of attack, namely 4deg and 8.5deg). There is general good agreement between measurements and simulations. A slight discrepancy is seen at the higher AoAs with respect to the suction peak close to the leading edge of the airfoil. This is believed to be due to a manufacturing deviation of the wind tunnel model.
Special attention should be paid to the pressure distribution close to the trailing edge. Due to the absence of pressure taps on the AFS, the direct estimation of lift coefficients via pressure measurements includes the uncertainty of the c p distribution around the trailing edge of the airfoil-flap arrangement. It can be seen from figure 4 that for a neutral deflection (middle plots), the error incurred when omitting the pressure distribution in the aft portion of the airfoil is small. In contrast, for both positive and negative flap deflections, the area contained between the Cp curves (related to the lift contribution in this area) is not negligible. For negative flap deflections (i.e. towards the suction side), the local curvature of the flap arrangement leads even to an inversion of the pressure distribution generating local suction pointing downwards on the pressure side of the flap. These high local pressure gradients are captured correctly in CFD, but not in the wind tunnel setup as shown in figure 4 .
To overcome this difficulty, the lift coefficient measured with the pressure on the walls of the wind tunnel is used in order to validate the CFD calculations. The comparison of the measurements based on wall pressure and CFD simulations is shown in the bottom two plots of figure 3 , showing a much better agreement. It is believed that the best approach for estimating the lift forces on an airfoil with an add-on active flap is via tunnel wall pressure measurement. To obtain the pressure distribution on the airfoil-flap arrangement, the direct pressure measurement on the airfoil is blended with the pressure distribution of the trailing edge area as obtained from CFD. The drag coefficients are obtained via measurement of the momentum deficit with a wake rake traversed to cover a representative extension of the model's span, which is accurate enough.
Validation of active flap configuration
The active flap system (AFS) has been tested for prototypes manufactured with two different materials of varying stiffness. The first material tested is a thermoplastic polyurethane (TPU), which is a type of thermoplastic elastomere well suited for extrusion purposes. The TPU grade used for this first wind tunnel prototype can be modelled as an isotropic material with hardness Shore 80A. The second prototype is manufactured using silicone with hardness Shore 60A. Even though there are several differences in terms of mechanical properties between these two materials, the focus of the current evaluation is placed on the stiffness response of the flap (i.e. ignoring for the moment other properties such as temperature dependence of stiffness, The AFS is activated via pneumatic pressure supplied externally through the wind tunnel walls. The aerodynamic response of the full system is tested for a range of Reynolds numbers between 1 and 3 million, and for pressure supply levels varying between 0 and 50 kPa.
As a first step, the two AFS are characterized in terms of deflection response as a function of input pressure. The deflection is measured relative to the undeformed position at a charachteristic location on the flap approx. 85mm behind the trailing edge of the model (which has a chord of 900mm). The elastic response of the TPU prototype showed up to be highly mechanically restrained leading to a limited aerodynamic response with respect to flap actuation. For a full range pressure supply of 50 kPa, the TPU flap deflection lead to a change in lift coefficient (at AoA = 6 deg) of approx. 0.1, rendering this design not well suited for the purpose of the AFS, and will therefore not be further dealt with within the scope of this paper.
The deflection response of the silicone prototype is shown in figure 5 for a Reynolds number of 3 million and for AoA of 0 and 10 deg, respectively. The elastic response for both angles of attack is initially linear at low actuation pressures, and starts becoming non-linear for actuation pressures approx. larger than 20 kPa. This is due to the components of the AFS reaching the extreme positions of their range of motion. It is also seen how the deflection response at higher angles of attack becomes lower (e.g. comparing the deflection curve at 0 deg vs. 10 deg) due to the external aerodynamic loading on the flap. Nevertheless, the magnitude of flap deflection due to aerodynamic loading is much lower than the flap deflection due to actuation pressure input.
The aerodynamic coefficients of the silicone AFS are measured for three characteristic pressure levels in the linear portion of the flap deflection range, namely 0, 10, and 20kP a. The results for lift coefficient, and lift to drag ratio are shown in figure 6 The testing in the wind tunnel is performed at different Reynolds numbers (varying from 1 to 3 million), not with the purpose of studying the Reynolds sensitivity of the AFS, but to study the dependency of the deflection on the external aerodynamic loading of the flap, which within the context of this paper will be referred to as the aerodynamic stiffness of the system. Depending on the local pressure distribution on the AFS, the deflection obtained for different incoming wind speeds will differ when compared to the response in absence of wind. For the sake of conciseness, only measurements at a Reynolds number of 3 million are shown. (see figure  6 ). The measurements show that the impact of flow speed on the deflection of the system is negligible at low AoA (i.e. the deflection of the AFS is not strongly influenced by the external pressure field), where as this effect intensifies at high AoA. The AFS can thus be considered as aerodynamically stiff for the main portion of the linear range of the polars. The level of lift As previously discussed, one drawback of the very localized trailing edge deformation is the risk of suction side separation directly at the flap for high positive deflections (i.e. high pressure values). Such a separation region is shown in figure 7 . Avoiding such separation regions is difficult with the type of flap considered here-in. An alternative would be a full morphing trailing edge as described e.g. in [14, 15] .
Aeroelastic simulations
A set of aeroelastic calculations is run exemplarily on a SWT-4.0-130 turbine corresponding to a full set of Design Load Cases (DLCs) specified in IEC61400-1 [4] . This Design Load Basis (DLB) is used for the evaluation of the load potential for AFS applications. For this particular setup, the rotor was simulated with the active flaps in the outboard 16m of the blades. The added mass of the system (approx 40-50 kg per blade) has not been modelled, as this is below the typical mass tolerance levels for industrially manufactured blades and has an insignificant impact on eigenfrequencies. The feasibility for load reduction builds on top of the work of Barlas, et al. [2] . For the simulations, the aeroelastic solver BHawC (Siemens in-house aeroelastic solver [10, 11] ) is used. The simulations are carried out for the two extreme flap positions as well as for a neutrally deflected flap, focusing on the effect on extreme loads. Fatigue loads have not been under consideration within the scope of this paper, due to the low frequency foreseen (< 1P ) for this type of AFS activation strategy. For a review of more generic types of smart rotor control the reader is referred to [3] .
A summary of the relative load impact on some of the main components of the turbine is given in table 1. Furthermore, a relative comparison of mean blade flapwise loads at the blade root and at a midspan position at approx. 50% blade length, as well as the relative increase/decrease of blade deflection are shown in figures 8 and 9, respectively.
It can be seen that for most load channels, reductions in the order of magnitude of −3% are feasible for a full negative flap deflection. Most of these are related to DLC13 (extreme turbulence). In order to harvest these load reduction benefits, it is necessary to be able to distinguish between situations of high and low turbulence during turbine operation. Such a turbulence detection can be performed for example with help of the control algorithm described in [12] or in [13] . A load reduction of the order of mangnitude of 3% on main components would normally not be enough to argue a cost-out on a wind turbine nor a design change. On a new design however, a tower load reduction would can have a significant cost impact (for sections driven by extremes and not by fatigue). Extreme blade deflection reductions of the order of 5% are significant as they allow to design a lighter blade, which in turn results in lower hub fatigue and lower main bearing bending due to rotor overhang weight. The direct cost impact is not within the scope of this work, nor the impact on the levelized cost of energy (LCOE).
A blade deloading by means of negative flap deflection is not feasible during normal operation (DLC12) as this would lead to a loss in turbine power performance. On the other hand, an increase in blade loading (via positive flap deflections) would be beneficial for power production in the constant speed region prior to rated power (i.e. for wind speeds after the rated rotor speed is reached, but prior to reaching rated power). These wind speeds are normally characterized by low power coefficients due to the sub-optimal tip speed ratio. This can be compensated via higher blade loading. The AEP impact of such a strategy has not been within the scope of this work. The drawback of this increase in blade loading in the constant speed area is the higher blade deflection at critical wind speeds (see figure 9 in the range between 10 − 13m/s). Nevertheless, this is not necessarily critical in case a turbulence detection can be implemented as previously mentioned. 
Conclusions
A methodology for assessment of the aerodynamic performance of an airfoil retrofitted with an active flap system is shown and discussed. It is shown that for this type of airfoil-flap arrangement with a heavy loaded aft portion, a detailed description of the pressure distribution on the flap itself is compulsory due to the high levels of local curvature. For the estimation of pressure distribution, a hybrid description based on wind tunnel measurements and CFD simulations provides accurate results. Furthermore, the lift coefficient estimations are best obtained from wall pressure measurements.
An active flap system is designed and two pneumatically activated prototypes are manufactured with TPU and silicone. The elastic response of the TPU prototype is unsatisfactory. The silicone prototype is tested successfully and its aerodynamic system response is characterized as a function of input pressure.
The AFS system is simulated exemplarily on a SWT-4.0-130 turbine to assess the reduction potential for extreme loads. It is shown that with a combination of an AFS system with slow frequency actuation, load reduction in the order of magnitude of 3% are feasible for several main components.
